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Summary
Objective: The aim of this study is to develop a rat model of full-thickness articular cartilage defects that is suitable for detailed molecular anal-
yses of the regenerative repair of cartilage.
Materials and methods: The V-shaped full-thickness defects (width: 0.7 mm; depth: 0.8 mm; and length: 4 mm) were created in the femoral
patellar groove of 6 weeks old male rats using a custom-built twin-blade device. Prior to starting the repair experiments, our device was
examined for its accuracy and reliability in generating defects. Then, the time course of the repair response in these cartilage defects was
examined using a semi-quantitative histological grading scale. The expression of chondrogenic differentiation markers in the reparative
regions was examined with immunohistochemistry and in situ hybridization.
Results: Our device creates full-thickness articular cartilage defects uniformly. In these defects, undifferentiated mesenchymal cells ﬁlled the
defect cavities (4 days) and initiated chondrogenic differentiation at the center of the defect (7 days). Cartilage formation was observed in the
same region (2 weeks). Finally, hyaline-like articular cartilage and subchodral bone layers were reconstituted in their appropriate locations (4
weeks).
Conclusions: We have successfully developed a rat model containing identically sized full-thickness defects of articular cartilage that can
undergo chondrogenic repair in a reproducible fashion.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Full-thickness articular cartilage defects that penetrate
through the cartilage do undergo reparative repair of hyaline
cartilage under restricted conditions1e3. In our previous
studies4e7, we have reported on the processes underlying
the regenerative repair of articular cartilage with the use
of full-thickness articular cartilage defects created in the
femoral trochlea of adolescent rabbits as our model. In
the present study, we tried to develop a rat model of full-
thickness articular cartilage defects, since many of the
molecular analyses can readily applied to this animal in1This work was supported in part by the Grants-in-aid from the
Ministry of Education, Culture, Sports, Science, and Technology
of Japan.
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961comparison to rabbit. The V-shaped full-thickness articular
cartilage defects were created in the femoral patellar groove
using a custom-built twin-blade device. In these defects, un-
differentiated mesenchymal cells ﬁll the cavities within 4
days of their creation. The type II collagen-positive polygo-
nal-shaped cells begin to appear at 7 days at the center of
the defects. Overlapping this central region, cartilage matrix
is then observed. By 4 weeks, hyaline-like articular cartilage
is regenerated concomitantly with the repair of the subchon-
dral bone. This model contains identically sized full-thick-
ness defects of articular cartilage, and could reproducibly
recapitulate spatio-temporal sequence of events leading
to regenerative repair.Materials and methodsDESIGN AND CONSTRUCTION OF OUR CUSTOM-BUILT
TWIN-BLADE DEVICEWe designed a custom-built twin-blade device that could create a pre-
cisely deﬁned full-thickness defect of articular cartilage in rats [Fig. 1(A)].
Our device consists of two components: the trunk and the ﬁxator. The trunk
has two slits to allow the blade to pass through, and the contact point of each
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Fig. 1. A custom-built twin-blade device for creating full-thickness defects in rat articular cartilage. (A) The device consists of two components:
(1) the trunk (arrow), which has two slits to enable the twin-blades to pass through uniformly, and the contact point of the slit is curved
(arrowhead) to ﬁt along the femoral patellar groove. (2) The ﬁxator (open arrow) which has two screws that anchor the tibia and contains a hex-
agonal bolt that attaches the two components. (B) This custom device reproducibly creates both defects on the rat articular surface of the
femoral trochlea. Gross appearance of the defects at 2 days (C) and 4 weeks (D) post-injury. Bar, 5 mm.
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and the desired depth and lengths were 0.8 mm and 4 mm, respectively. The
ﬁxator contains two screws to secure the tibia, and a hexagonal bolt that at-
taches it to the trunk when the slit is placed in contact with the femur at a 90
knee ﬂexion angle. Two blades (0.25 mm thickness 4 mm length) are then
applied at the same time to excavate the defect.
To conﬁrm the reliability of the device, 12 rats were utilized. After creation
of the cartilage cavities, the distal portion of the femur was then removed,
and the frontal plane, together with the transverse plane cut at the center
of the defect, was photographed and scaled using a stereoscope. The length
of the frontal plane and the depth and width of the transverse plane were
measured using a micrometer caliper.CREATION OF FULL-THICKNESS DEFECTS OF ARTICULAR
CARTILAGEsix-week-old male Wistar rats (n¼ 102) were anesthetized by an intra-
abdominal administration of sodium pentobarbital at 30-mg/kg-by weight.
The left knee joint was entered through a medial parapatellar incision, and
the patella was dislocated laterally to expose the articular surface of the fem-
oral trochlea. Full-thickness defects of articular cartilage were then created
using our device described above. Our research protocol was approved by
the animal ethics committee of Kumamoto University School of Medicine,
and animal care and experimental procedures were conducted in accor-
dance with institutional guidelines (http://card.medic.kumamoto-u.ac.jp/
card/japanese/kisoku/kisoku.html).HISTOLOGICAL ANALYSIS OF REPARATIVE TISSUESGroups of 10 animals were sacriﬁced with an overdose of sodium pen-
tobarbital at 2, 4, 7, and 10 days, and at 2, 4, 8, 12, and 24 weeks afterthe creation of the defects. The distal ends of the femurs were ﬁxed in
paraformaldehyde, decalciﬁed with ethylenediaminetetraacetic acid
(EDTA), and were then embedded in parafﬁn. Serial sections (5 mm thick)
in a transverse plane were prepared for subsequent analyses. For semi-
quantitative analysis of reparative tissue, the sections were examined
independently by two observers and were scored according to the
semi-quantitative histological grading scale4.IMMUNOHISTOCHEMISTRYEndogenous peroxidase activity was blocked with hydrogen peroxide and
the sections then were treated with testicular hyaluronidase (Sigma Chemi-
cal, St Louis, MO, USA). After nonspeciﬁc staining was reduced by incuba-
tion with horse serum, the primary antibodies were applied: human type II
collagen (Fuji Chemical, Takaoka, Japan); aggrecan 12/21/1-C-6 (Iowa
Hybridoma Bank). The sections stained using 12/21/1-C-6 antibodies were
pre-digested with chondroitinase ABC (Seikagaku Kogyo, Tokyo, Japan).
A subsequent reaction was performed as described previously5, using a Vec-
tastain avidinebiotin peroxidase complex (ABC) kit (Vector Laboratories,
Burlingame, CA, USA).IN SITU HYBRIDIZATIONDigoxigenin (DIG)-labeled cRNA probes were generated by in vitro
transcription and labeled with DIG with a DIG RNA labeling kit (Roche,
Mannheim, Germany) using the following complementary DNA (cDNA)
clones: rat a1(II) collagen cDNA containing a 1.4-kb fragment and rat
aggrecan cDNA containing a 0.87-kb fragment. Hybridization signals
were immunohistochemically detected by alkaline phosphatase (ALP)-
conjugated antibody using a nucleic acid detection kit (Roche, Mannheim,
Germany).
Fig. 2. Transverse sections of the 0.7 mm cartilage defects. The distal portion of the rat femur was cut in a transverse plane, and sections were
stained with safranin-O at 2 days (A) 4 days (B) 7 days (C) 2 weeks (F) 4 weeks (G) and 24 weeks (J) after the creation of the defects. The
specimen sections shown in (H) and (K) were also stained with anti-type II collagen monoclonal antibodies, shown in (G) and (J), respectively.
The specimen sections shown in (I) and (L) were also stained with anti-aggrecan monoclonal antibodies in (H) and (K). In situ hybridization of
type II collagen and aggrecan mRNAs in the 0.7 mm defects at 7 days (D and E) post-injury. Bar, 300 mm.
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TWIN-BLADE DEVICEPrior to starting the repair experiments, our device was ex-
amined for its accuracy and reliability in generating full-thick-
ness defects. Themeanwidth and standard deviation (SD) of
the created defects was 0.70 0.08 mm. The mean and SD
of the depth and length defects were 0.86 0.13 mm and
4.03 0.17, respectively. These measurements showed
that this device successfully creates defects of articular carti-
lage with a high degree of accuracy [Fig. 1(B)].GROSS APPEARANCE AND HISTOLOGICAL FEATURES
DURING REPAIR OF ARTICULAR CARTILAGE DEFECTSThe defects were ﬁlled with bloods at 2 days after the
operation [Fig. 1(C)]. The defects were covered withdiscolored ﬁbrous tissue at 1 week. At 4 weeks, the defects
were completely covered with opaque cartilageneous tis-
sue, and they were very similar to residual articular cartilage
[Fig. 1(D)].
Sequential repair process of the defects was examined
histologically. The superﬁcial ﬁbrous arcade was found to
be organized and blood clots were observed at the center
of the defect at 2 days after their creation. Spindle-shaped
undifferentiated cells were also found to have migrated to-
ward the center of the clot [Fig. 2(A)]. At 4 days, undifferen-
tiated cells had mostly ﬁlled the entire defect. Osteoblastic
differentiation was observed adjacent to the residual sub-
chondral bone in depth [Fig. 2(B)]. At 7 days, the clot had
been mostly removed, spindle-shaped undifferentiated cells
were present at the surface, and polygonal-shaped cells ap-
peared at the center of the defect [Fig. 2(C)]. The expression
of type II collagen and aggrecan mRNAs was induced
in these polygonal-shaped cells [Fig. 2(D) and (E)]. At
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matrix were observed (data not shown). At 2 weeks, some
hypertrophic chondrocyte-like cells were observed adjacent
to the newly formed subchondral bone [Fig. 2(F)]. At 4
weeks, the thickness of the cartilage matrix, as indicated
by safranin-O staining [Fig. 2(G)] and type II collagen and
aggrecan immunostaining [Fig. 2(H) and (I)], had recovered
to levels that were similar to normal undamaged articular
cartilage. Subchondral bone had reached the level of the
original boneearticular cartilage junction. Moreover, the re-
generated articular cartilage exhibited histological character-
istics of hyaline cartilage. A well-developed, regenerated
hyaline articular cartilage persisted at 8 weeks. Furthermore,
at 24 weeks, although the superﬁcial safranin-O negative
layer had thickened [Fig. 2(J)], the regenerated cartilage per-
sisted and maintained its immunoreactivity to type II colla-
gen and aggrecan antibodies [Fig. 2(K) and (L)].
The time course of the cartilage repair process for the de-
fects was monitored using the histological scoring grades of
Pineda with some modiﬁcations4,7. The ﬁlling of the defect
with ﬁbroblastic undifferentiated cells had completed by
day 7 (score for ﬁlling defect 3.9 0.32; total histological
score: 4.1 0.57). Reconstruction of the osteochondral
junction was almost completed and the repair of the carti-
lage progressed by the second week (total histological
score: 9.3 1.57). The regenerative repair of articular carti-
lage was almost completed by the end of the fourth week
(total histological score: 11.7 2.00), and the score was
maintained at a high level at 24 weeks (total histological
score: 11.5 2.01).Discussion
A rat model of full-thickness articular cartilage defects
that could be accurately and reproducibly sized was devel-
oped by use of a device (Fig. 1). Subsequent analysis
showed that the V-shaped 0.7 mm defects spontaneously
regenerated the surfacing articular cartilage in the rat
(Fig. 2). As the hyaline cartilage expanded in the cavities,
the structure of the surfacing articular cartilage was found
to have regenerated concomitantly with the repair of the
subchondral bone within 4 weeks (Fig. 2). The histological
course of this repair response in the rat is consistent with
that seen in a previous rabbit model of full-thickness cylin-
drical defects of small (3 mm) size, which showed complete
regenerative repair of the damaged cartilage within 8
weeks4e7.
Rat does not closely mimic the characteristics of the hu-
man knee. V-shaped full-thickness defects in femoral patel-
lar groove are not commonly seen in clinical situation.
However, taking advantage of the potential for regenerativerepair of articular cartilage in these sites, we can investigate
the cellular events that occur during the onset of chondro-
genic differentiation in vivo. With the completion of the se-
quencing of the rat genome, a growing number of
molecular probes and antibodies are now available for
use in rat models. Therefore, our rat model will be useful
for detailed molecular analyses of the regenerative repair
of cartilage. In addition, rats have several advantages that
include low costs, availability, and relative ease of handling.Conﬂict of interest
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